Introduction
Soils are a relevant source of ice nucleating particles (INP) found in the atmosphere and INP from soils are also found in 15 precipitation (Creamean et al., 2013 (Creamean et al., , 2014 and in rivers (Moffett, 2016; Larsen et al., 2017) . Organic matter, or biological residues, associated with soil particles may contribute a major share to atmospheric INP active at temperatures warmer than -10 °C (Conen et al., 2011 , O'Sullivan et al., 2014 Conen and Leifeld, 2014; Creamean et al., 2014; Tobo et al., 2014 , Hill et al., 2016 . A relatively recent discovery in this field of research is that the widespread soil fungus Mortierella alpina produces INP active at -5 to -6 °C which can be washed off the mycelium, are of a small size (< 300 kDa), remain active 20 after heating to 60 °C, but are deactivated by heating to 95 °C and in 6 M guanidinium chloride (Fröhlich-Nowoisky et al., 2015) . These findings are based on organisms extracted from soils sampled at an experimental station in Wyoming. Plating and cultivation have allowed to identify M. alpina as the INP-producing organism through DNA sequencing followed by phylogenetic analysis. The discovery of this new INP source raises the question of its more general relevance in soils and possibly in the atmosphere. Trying to identify and count, or determine the mass of M. alpina in soil could be one approach. 25
However, this aproach would not account for the fact that INP produced by the organism can be washed off, may be preserved, accumulate in the soil, and be exported from a watershed during intense rainfall (Larsen et al., 2017) . In a first attempt to gauge the potential relevance of INP derived from M. alpina we looked for INP in soils that match the challenge tests (e.g. heating) described above. In the absence of molecular genetic identification of the INP source, and since we 
Material and methods
We collected grab samples from the surface of arable soils in Novosibirsk, Saskatoon and Colmar, from grasslands in La Brévine, and tropical mountain forests around Ranau (Table 1) . Samples were air dried and dry sieved (< 63 µm). From each 5 sample 1 g of dry particles (< 63 µm) was weighed into a 50 ml centrifuge tube containing 20 ml of 0.1% NaCl, was shaken for 2 min by hand and allowed to settle for another 10 min. About 10 ml suspension were withdrawn from the top of the suspension and passed through a syringe filter with 5 µm pore size (sterile cellulose acetate filter; Sterlitech Corporation, Kent, USA), 9 ml of it into a pre-weighed aluminium tray, 1.0 to 1.5 ml into another tube together with the proper amount of 0.1% NaCl to create a 1:20 dilution of the suspension. The tray and its content were dried at 80 °C, re-weighed and the mass 10 of particles < 5 µm determined from the difference to a control tray prepared with only NaCl solution. The tube containing the 1:20 dilution of the suspension was analysed for INP on a freezing nucleation apparatus (Stopelli et al., 2014) in 52 aliquots of 100 µl in 0.5 ml tubes and, if necessary, further diluted to a concentration at which most, but not all of the 52 tubes were frozen at -10 °C. Final concentrations of particles < 5 µm in µg ml -1 ranged from 0.02 to 15.5 with a median of 1.0. The remainder of the suspension with the final concentration was then passed through a 0.22 µm syringe filter (same 15 material and supplier as above) and partitioned into three portions. One was analysed for INP without further treatment, the other two were either heated to 60 °C or 95 °C for 15 min in a water bath before being analysed the same way. INP macromolecules are not sensitive to guanidinium chloride or boiling (Pummer et al. 2012 (Pummer et al. , 2014 .
Results and discussion
We always found INP M-like in samples with more than 1 INP active at -10 °C µg -1 particles < 5 µm (INP -10 ) (Fig. 1 ). There might also have been an INP M-like contribution in samples with less than 1 INP -10 µg -1 , but it was too small to be detected. What we presume are INP M-like were therefore not derived from pollen (Pummer et al., 2012 (Pummer et al., , 2014 . Averaged over all samples 97% (+/-9%) of INP -6.5 associated with particles < 5 µm passed through the 0.22 µm filter and 86% (+/-9%) of those remained active after heating to 60 °C. Consequently, about 5/6 th (0.97 x 0.86 = 0.83) of all INP -6.5 found in soil particles < 5 µm matched characteristics of M. alpina. There might have been a small contribution by Isaria farinosa (Huffman et al., 2013) to the number of INP -6.5 determined before heat treatment. However, these INP would have been 5 deactivated after heating to 60 °C (Pummer et al., 2014) (Fig. 1) suggests that a doubling of INP -10 may be associated with a tripling of the number of INP M-like (2 1.6 = 3). This trend not only applies across the different 10 areas investigated, but also within certain areas (Saskatoon, La Brévine). We therefore conclude that M. alpina probably responds more efficiently than other organisms to soil conditions in which the formation of INP may be advantageous.
Potential advantages of catalysing ice formation at slight supercooling include the cleavage of structures by ice formation to access otherwise occluded resources (Paul and Ayres, 1991) and the accumulation of water through growing ice from vapour in the surrounding air (Kiefft, 1988) . 15 Table 1 
